Abstract: As a cofactor of proteins and enzymes involved in critical molecular pathways in mammals and low eukaryotes, copper is a transition metal essential for life. The intra-cellular and extra-cellular metabolism of copper is under tight control, in order to maintain free copper concentrations at very low levels. Copper is a critical element for major neuronal functions, and the central nervous system is a major target of disorders of copper metabolism. Both the accumulation of copper and copper deficiency are associated with brain dysfunction. The redox capacities of free copper, its ability to trigger the production of reactive oxygen species and the close relationships with the regulation of iron and zinc are remarkable features. Major advances in our understanding of the relationships between copper, neuronal functions and neurodegeneration have occurred these last two decades. The metabolism of copper and the current knowledge on the consequences of copper dysregulation on brain disorders are reviewed, with a focus on neurodegenerative diseases, such as Wilson's disease, Alzheimer's disease and Parkinson's disease. In vitro studies, in vivo experiments and evidence from clinical observations of the neurotoxic effects of copper provide the basis for future therapies targeting copper homeostasis.
Introduction
Copper is a cofactor of proteins and enzymes (called cuproenzymes) involved in fundamental mechanisms, such as energy generation, oxygen transportation, hematopoiesis, cellular metabolism and signal transduction [1] . It is therefore essential for living cells. There is a noticeable evolutionary OPEN ACCESS conservation of regulating mechanisms [2] . Its metabolism is linked to the metabolism of iron and zinc, two other essential transition metals [3, 4] . The bulk of evidence that copper is involved in the pathogenesis of neurodegenerative disorders is now huge. The recent literature is reviewed, focusing on the impacts of copper dyshomeostasis on neurodegeneration.
Metabolism of Copper
In the human body, most of the copper, Cu, is present as Cu + (cuprous) and oxidized Cu 2+ (cupric) compounds. Copper is therefore an intermediary for electron transfer in redox reactions. The oxidation states, Cu 3+ and Cu
4+
, are uncommon [5] . The average daily intake of copper is between 0.5 and 1.5 mg, coming mainly from seeds, grains, shellfish, nuts, beans and liver [6] . The current recommended dietary intake in the USA is 0.9 mg/day [7] . Copper is mainly absorbed in the duodenum and proximal jejunum, with a little bit of absorption occurring in the stomach and the distal portion of the small intestine [8] . The human copper transport protein 1 (hCTR1), located at the level of enterocytes, transfers the ion following the reduction of dietary Cu 2+ into Cu + . In hepatocytes, copper binds to metallothioneins (MTs), to reduced glutathione (GSH) or to one of the copper chaperones regulating the traffic of intracellular copper (CCS: chaperone for superoxide dismutase 1 SOD1, which is the sole cytosolic cuproenzyme; COX17: chaperone for cytochrome C oxygenase; ATOX1 antioxidant-1: chaperone for the ATPases, ATP7A and ATP7B). The group of transmembrane copper transporters includes CTR1, ATP7A and ATP7B. ATP7A (expressed in the placenta, gut and nervous system) and ATP7B (expressed in the hepatocytes, where it exports copper into the bile and provides copper to nascent ceruloplasmin, and in the nervous system) are linked to the enzyme, tyrosinase, and the ceruloplasmin, respectively. In blood, about 65%-90% of the copper Cu 2+ is bound to ceruloplasmin. The remaining 10-35 percent participate in exchanges with albumin, transcuprein, alpha 2 macroglobulin, and low-molecular-weight compounds [1] . In terms of storage, the total amount of copper in an adult is estimated to be about 90-110 mg. The organs with the highest concentrations are the liver, brain, kidney and heart [9] . Bones and skeletal muscles contain about 47% and 27% of the copper, respectively [10] . Both the liver and brain contain about 8%-11% of the total body copper. Figure 1 illustrates the metabolism of copper in the brain. Brain concentrations range from 3.1 to 5.1 mg/g wet weight [11, 12] . Within the brain, the distribution of copper is heterogeneous. Concentrations are higher in the hippocampus, substantia nigra and locus coeruleus [5, 13] . Glial cells are enriched in copper as compared to neurons [5] . The concentrations of copper in the synaptic cleft range from 0.2 to 1.7 µM. Some studies have shown concentrations higher than 200 µM [14] . Concentrations in cerebrospinal fluid (CSF) are 100-fold lower as compared to plasmatic levels, and intra-neuronal concentrations are kept very low [15] . Choroid plexus could serve as a storage compartment in the vicinity of the brain.
Copper is excreted endogenously in the saliva, the gastric fluids and intestinal liquids. Copper is excreted from the body either in a non-absorbed form or via the bile. The estimated amount of copper in feces is 1-1.5 mg/day. The quantities lost in urine, saliva and perspiration are even smaller.
Figure 1. Illustration of copper metabolism in the central nervous system (CNS). (A)
A blood vessel (in red on the left), the blood-brain barrier (BBB), the blood-CSF barrier (shown by a rectangle with two compartments), a choroid plexus (CP) and an astrocyte are illustrated; (B) A neuron, a synapse and an astrocyte are shown. Copper is represented by a green circle. At the blood-CSF barrier, CTR1 (copper transporter 1), DMT1 (divalent metal transporter) and the ATPase, ATP7A, transport copper towards the blood, whereas the ATPase, ATP7B, and CTR1 transport copper in the opposite direction. Organelles and proteins involved in the cellular regulation of copper are represented. CTR1 is the main transporter for transferring copper within cells. Chaperones (ATOX1, COX17, CCS) deliver copper to the ATPases, ATP7A/ATP7B, and to cuproenzymes, including in the mitochondria. Metallothioneins (MT-1, MT-2, MT-3) exert a function as a buffer. Copper is also found in secretory granules. Abbreviations: APP, amyloid precursor protein; GSH, glutathione; NMDA-R, NMDA receptor; AMPA-R, AMPA receptor; GABAA-R, GABAA receptor; TGN, trans-Golgi network.
Free Copper
The fact that cells contain one free copper ion or less highlights the tight regulation [16] . The redox capacities of free copper and its ability to initiate the production of free radicals are two important features. Free copper is a catalyst of the Fenton reaction (Cu + and H 2 O 2 generate Cu 2+ + OH − + OH).
The hydrogen peroxide is transformed into the very reactive hydroxyl radical, which combines with nucleic acids, proteins and lipids. An increase in free copper is potentially harmful for brain circuits, despite the presence of MTs and chaperones (see below).
Ceruloplasmin
Ceruloplasmin is a multicopper-containing protein mainly synthesized by the liver. Although the rate of synthesis is not influenced by copper intake, ceruloplasmin lacking bound copper has a shorter half-life [17] . Ceruloplasmin plays important functions, acting as an iron oxidase, an amine oxidase, an antioxidant and a glutathione peroxidase [18, 19] . As a multicopper oxidase, ceruloplasmin reduces dioxygen, O 2 , to two water molecules. Ceruloplasmin is a scavenger of reactive oxygen species (ROS). It can be considered that the genuine link between copper metabolism and iron metabolism is mediated by ceruloplasmin. Its soluble form controls the oxidation of iron to be included into transferrin. A deficit in copper reduces the ferroxidase activity of ceruloplasmin (Fe 2+ [4] . Iron itself contributes to the formation of ROS. A deficit of dietary copper leads not only to an accumulation of iron in the liver, but also to an impaired distribution within the spinal cord (see zinc-induced myeloneuropathy in the next section). In the central nervous system (CNS), a glycosylphosphatidylinositol-linked ceruloplasmin bound to the cell membranes is the major isoform of this protein [20] . Astrocytes can synthesize their own ceruloplasmin. This glial ceruloplasmin controls also the process of iron oxidation, which allows the clearance of iron from the CNS [21] . Overall, functional ceruloplasmin promotes the synthesis of proteins involved in iron efflux. The maintenance of the iron balance in the brain is thus closely linked to the metabolism of copper.
The ATPases ATP7A/ATP7B, CTR1 and Chaperones
The ATPases, ATP7A and ATP7B (belonging to the family of P1B-type ATPases), play an important role in the metabolism of copper. They depend on ATP hydrolysis to move heavy metals across cellular membranes. The ATP7A, a highly conserved ion-motive ATPase [22, 23] , is an intra-cellular pump transferring copper into the Golgi apparatus. This is required to incorporate the ion into cuproenzymes, such as the dopamine-beta-hydroxylase (see Table 1 for the main cuproenzymes). ATP7A is critical to deliver copper from endothelial cells in the direction of the brain [24] . ATP7A is essential not only for the CNS, but also for peripheral nerves [25] . ATP7B is also involved in the translocation of copper across membranes, being located mainly at the apical membrane. Both ATPases can be redistributed to post-Golgi vesicles and cellular membranes if the concentration of copper rises, in order to regulate the export of the ion [26] .
CTR1, a protein of 190 amino acids, transports dietary copper within the cells and is the key-regulator of copper influx [27] . CTR1 is particularly expressed in the intestinal cells, in the endothelial cells of brain capillaries, in choroid plexus and brain parenchyma [28] . CTR1 is a transmembrane carrier, which may shift easily between plasma membrane and intra-cellular vesicles [29] . It is estimated that the uptake of at least 80% of the copper is controlled by the carrier [30] . CTR1 is encoded by SLC31A1. The transcription factor, SP1 (specificity protein 1), responds to changes in concentrations of copper [27] . When the extra-cellular concentration of copper rises, CTR1 is internalized. CTR1 regulates also the transport of chemotherapeutic drugs, such as cisplatin. The degree of expression of the carrier is correlated with the prognosis in cancer [31] . CTR2 is a homologous carrier, whose expression profile remains poorly defined [27] . CTR2 probably plays a role in the recycling of copper in internal compartments of the cell [32] . CTR1, the nonspecific divalent metal transporter 1 (DMT1) and ATP7A transport copper from CSF to blood, whereas ATP7B and also CTR1 control the transport in the opposite direction [33] . CTR1 is considered as the main transporter of copper in the direction of the brain. Deletion of CTR1 is lethal, suggesting that it plays a major role in transporting copper in the developing embryo [34] . Copper chaperones are proteins that play the function of a shuttle. They regulate the traffic of copper. Without chaperones, copper would be directly scavenged by MTs, GSH (copper-GSH complexes are the main contributor for the exchangeable cytosolic copper pool) and mitochondria. ATOX1 is a cytosolic and nuclear copper chaperone protein, which is mainly expressed in the choroid plexus, cerebral cortex, hippocampus, brainstem nuclei, olfactory bulbs and cerebellar cortex [35] . It delivers copper to ATP7A and ATP7B. The high levels of ATOX1 in subsets of neurons sequestering metals indicates that ATOX1 likely contributes to the functionality of metals requiring enzymes [35] . A chaperone for CuZn-SOD (CCS) and another for cytochrome oxidase (COX17) are expressed in the brain [5] . The chaperone for SOD is involved in the maturation of the enzyme.
Metallothioneins (MTs)
These low-molecular weight proteins are characterized by a high number of cysteine residues. This explains why they bind to metals, such as copper and zinc. Type I and type II are found in almost all organs. They are particularly expressed in astrocytes. Type III is constitutively expressed in neurons. It is currently presumed that MTs exert a neuroprotective role and participate in the compensatory mechanisms facing oxidative stress [36, 37] . At the level of glutamatergic synapses, they might work as a buffer for free copper. An increase in brain copper levels is associated with an increase in the levels of MTs, likely as a rapid regulatory response [5, 38] .
The Blood-Brain Barrier (BBB)
Free copper crosses the blood-brain barrier [39] . CTR1 and ATP7A contribute to the net influx of copper towards the CNS. As mentioned earlier, this copper is potentially toxic, being available for the Haber-Weiss and Fenton reactions. Nevertheless, copper is rapidly sequestrated by GSH, a mechanism of protection against the toxic effects of free copper [5] .
Copper and Synapses in the CNS
There is evidence that copper is enriched in synaptic levels and could even play a signaling role [40] . Copper is found in secretary granules containing SOD3, in constitutive vesicles and in endosomes. Copper in the secretory pathway is released in a calcium-dependent manner. Copper interacts with glutamatergic and GABAergic synapses and modulates voltage-gated calcium channels [40] . Stimulation of the NMDA receptor (NMDA-R) evokes the release of copper in hippocampal neurons and is associated with a repositioning of the ATP7A transporter towards the hyperactive sites [41] . Copper interacts closely with the NMDA-R and may inhibit currents related to NMDA-R activation [42] . Copper acts on the S-nitrosylation of the NMDA receptor [43] . Copper also interacts with AMPA-R, but the IC 50 for inhibition is higher (4.5 µM) as compared to the NMDA-R (0.27 µM) [44] . The transition metal modulates also GABAA-R, with an impact on Cl − currents [45] .
The IC 50 is 2.4 µM. It affects also the extra-synaptic GABA receptors [46] . Overall, the acute effects of copper on AMPA-R and GABAA-R is inhibitory [5] .
Copper Deficiency Syndromes (CDS): Menkes' Disease (MD), Occipital Horn Syndrome, ATP7A-Related Isolated Distal Motor Neuropathy and Zinc-Induced Myeloneuropathy
This group of disorders is characterized by a large phenotypic variation. Mutations in the gene encoding the ATP7A transporter are implicated in distinct phenotypes [47, 48] . Menkes' disease (MD) is an X-linked disease due to a mutation of the ATP7A gene. The large majority of patients are males [49] . Most ATP7A mutations are intragenic mutations or partial gene deletions [49] . Female carriers are mosaics of wild-type and mutant cells due to the random X inactivation [50] . In affected females, clinical symptoms are milder compared to boys having the same mutations. MD is characterized by mental retardation, seizures, abnormal lightly pigmented hair, bone fragility and aortic aneurysms. MD presents in infants between six weeks and one year. Patients present a state of copper deficiency, because copper accumulates in the intestine and cannot be absorbed in blood. A similar process occurs at the level of the BBB, causing a lack of ions within the CNS. The typical biochemical findings are low serum copper and ceruloplasmin, abnormal plasma and CSF neurochemicals and increased concentrations of β-2-microglobulin in urine samples [47] . SOD1 immunoreactivity is reduced, unlike the expression of SOD2 [48] . Therapy for MD is based on copper replacement. Parenteral administration is used. Gene therapy with adeno-associated viral (AAV) vectors is promising [51] .
Occipital horn syndrome (OHS) is allelic to MD and is considered as a milder variant. Symptoms start in the first decade. The association of coarse hair and joint hyperlaxity is very suggestive. Occipital bone exostoses and hammer-shaped clavicular heads are typical. Some patients exhibit a dysautonomia, which is related to the reduced activity of the dopamine-β-hydroxylase, whereas the connective tissue abnormalities are attributed to the deficit of lysyl oxidase. Serum copper and ceruloplasmin levels are normal or decreased.
The ATP7A-related isolated distal motor neuropathy is a rare disorder affecting the peripheral motor nerves. The phenotypic presentation resembles Charcot-Marie-Tooth disease type 2 [52] . The mechanisms of the peripheral neuropathy remain to be elucidated. Two unique ATP7A missense mutations (T994I and P1386S) cause subtle defects in ATP7A intra-cellular trafficking, resulting in a preferential accumulation at the plasma membrane [53] . An abnormal interaction between ATP7A and adaptor protein complexes is presumed to be the molecular mechanism [53] .
Zinc-induced myeloneuropathy is also caused by a deficit in copper [54] . The syndrome is the human equivalent to the copper deficiency myelopathy occurring in ruminants (-enzootic ataxia‖) [55] . The disorder occurs mainly after sustained zinc exposure [56] . Regular use of zinc-containing dental fixatives has been identified as a triggering factor [57] . Patients undergoing gastrojejunal bypass surgery are also at risk [58] . The first disturbances are sensory symptoms in the feet. After a few years, the disorder mimics the subacute combined degeneration of the spinal cord, a disorder due to a deficit in vitamin B12. MRI of the spinal cord demonstrates signal changes in the dorsal columns. Chronic zinc ingestion may also cause bone marrow suppression with anemia, thrombocytopenia and neutropenia. By contrast to Wilson's disease (WD, see the next section), urinary copper levels are typically decreased [59] . Although copper replacement may revert cytopenias, neurological deficits are irreversible in 40% of cases, highlighting the importance of detecting the hypocupremic state as soon as possible. 
Wilson's Disease (WD)
Wilson's disease (WD) is an autosomal recessive disease involving the ATP7B gene. This causes deficits not only for the excretion of copper into the bile, but also in terms of the binding of copper to ceruloplasmin. Patients exhibit, in particular, deficits of the nervous system (with both neurological and psychiatric signs) and the liver. The Kayser-Fleischer ring (brown discoloration of the cornea) is very suggestive. Whereas the juvenile form is mainly associated with liver symptoms, the adult presentation tends to manifest mainly with neurological deficits [60] . Brain MRI shows areas of increased signals (Figure 2) .
In WD, the concentrations of copper in liver are very high, contrasting with very low levels in blood. Levels of urinary copper are typically increased and are used as a biomarker of the disease. In an affected brain, the contents of copper are between two and eight times greater compared to a normal brain [61] .
In vitro, the administration of copper markedly decreases neuronal survival [62] . The ion impairs the NMDA-mediated regulation of glutamate, triggering an excitotoxic cascade, and increases the production of nitric oxide (NO) by stimulating the transcription of nitric oxide synthesis (NOS1-3). NMDA antagonists partially protect the neurons. The in vivo acute administration of copper in the cerebellum markedly impairs the spinocerebellar-evoked potentials (Figure 3) . A copper-related oxidative damage has been demonstrated in models of WD. Copper overload causes a mitochondrial dysfunction, lipid peroxidation and the synthesis of 4-hydroxy nonenal, which inhibits pyruvate dehydrogenase and alpha-ceto-glutarate dehydrogenase [63] [64] [65] . Neuropathological studies in WD show abnormal astrocytes (Opalski cells and Alzheimer cells) [66] . Figure 4 illustrates the mechanisms of neuronal loss associated with increased concentrations of free copper following a decrease in ceruloplasmin levels. The therapy includes the administration of chelating agents (penicillamine, tetrathiomolybdate, trientine) and zinc (sulfate or acetate). The latter not only competes with intestinal uptake of copper, but induces also the intestinal MT-T, which blocks the transfer of copper to the blood. A diet with low levels of copper is recommended. Figure 4 . Cascade of the events triggered by decreased levels of ceruloplasmin. Levels of free copper rise and iron deposits occur, leading to excitotoxicity, enhanced nitrosative/oxidative stress and damage to mitochondria.
Aceruloplasminemia
Aceruloplasminemia is an autosomal recessive disease resulting in the absence of ceruloplasmin in blood. This causes the accumulation of iron in the CNS, especially in basal ganglia, in retina, liver and pancreas. Clinically, patients exhibit diabetes mellitus, retinal degeneration and a progressive neurological syndrome combining extrapyramidal signs, cerebellar ataxia and dementia, usually between the age of 25 and 60 years [67] [68] [69] . From a biochemical standpoint, ceruloplasmin knockout mice are characterized by enhanced lipid peroxidation caused by iron-mediated cellular radical injury [67] . Blood studies in aceruloplasminemia show low serum concentrations of copper and iron, a microcytic anemia, which contrasts with a high serum ferritin concentration. Hepatic concentrations of iron are increased. Brain MRI shows low intensities due to iron accumulation, mainly in striatum, thalamus and cerebellum. MRI of the liver is also suggestive. Iron chelators, such as desferrioxamine, are recommended [68] . Fresh-frozen human plasma (FFP) decreases iron contents in the liver and may improve neurologic deficits. Antioxidants, such as vitamin E, and the oral administration of zinc might prevent tissue damage [69] .
Copper Toxicosis
The symptoms of acute copper intoxication include nausea, vomiting, diarrhea, abdominal pain, tachycardia and hemolytic anemia. The intoxication usually follows the ingestion of contaminated water or food [70] .
The daily intake of copper determines the occurrence of toxicosis. High levels of copper in drinking water and food can cause a subacute to chronic syndrome of copper toxicosis [3] . The current tolerable upper intake level is 10 mg/day [7] . An oral supplement of copper 10 mg/day (supplementation with plain tap water between meals, consisting of two 5-mg copper gelatin capsules as copper sulfate) during two months induces a transient, but significant, elevation of aminotransferases [71] . Drinking water from wells via copper pipes has been incriminated in copper toxicosis [72] . The syndrome affects mainly young children. Their parents may be clinically healthy [72] . The disorder can lead to death. In India, a micronodular cirrhosis has been reported [73] . Copper toxicosis may be idiopathic, but these cases are very rare.
Rats exposed to copper in drinking water develop liver damage due to increased hepatocellular stores, with a significant increase of concentrations of the metal in the CNS and biochemical evidence of oxidative stress [74] . The activity of SOD decreases, and the concentrations of malondialdehyde rise.
Alzheimer's Disease (AD)
The major histopathological features of Alzheimer's disease (AD), the commonest form of dementia worldwide, are senile plaques and neurofibrillary tangles. AD is due to an abnormal processing of the APP (amyloid precursor protein) by β-and γ-secretases (Table 2A summarizes the main pathogenic mechanisms). The epsilon 4 allele of the apolipoprotein E (APOE) gene augments the risk of AD by three-fold and decreases age onset [75] . Patients with two epsilon 4 alleles have a 15-fold increase in AD risk as compared with the APOE epsilon 3 [76] . The regions of the brain that are particularly involved by atrophy at the beginning of the disease are the entorhinal cortex, the hippocampus and the amygdala. Oxidative stress * Overproduction of free radicals * Inflammation * Mitochondrial dysfunction * Impaired energy metabolism * Inflammation * Impaired neurotransmission * Impaired homeostasy of biometals * Exposure to environmental pollutants * * Evidence that copper participates in the pathogenesis.
In addition to the hypothesis of the amyloid cascade per se, the role of biometals in the pathogenesis of AD is a subject of growing interest. Indeed, free plasma levels of copper increase with ageing [77] . Metal dyshomeostasis might impact not only on AD onset, but also on its progression [1] . There is a negative correlation between free copper in blood and cognitive status in AD [78] . Although the total levels of copper are similar in healthy subjects and in AD, the ratios of plasma/serum copper levels are significantly higher in AD [79] . Copper not bound to ceruloplasmin, rather than absolute serum copper levels, is a key-concept for the understanding of the pathogenesis of AD [80] . Both in vitro and in vivo studies have shown local and systemic defects in copper metabolism in AD. Very high concentrations of copper have been found in senile plaques [8] . There is a very appealing relationship between the levels of free copper in serum and the levels of free copper in the more severely affected areas of the brain, arguing strongly in favor of a systemic dyshomeostasy of copper [81] . The impaired homeostasis of copper is presumed to participate in oxidative stress, promoting free radicals-mediated pathways. The hypermetallation of the Aβ peptide might be at the origin of redox cycles of oxidative stress and H 2 O 2 production, Aβ oligomer formation and precipitation [1] . Whereas Cu 2+ can bind to nitrogen donors or oxygen donors, such as glutamate, Cu + preferentially binds to free thiols of cysteine/methionine. This causes a cross-linking between proteins. It should be emphasized that copper-related oxidative stress is also associated with states of copper deficiency, indicating that the fine regulation of copper concentrations within margins is critical. From the genetic standpoint, some loci in the ATP7B gene are associated with an increased risk of developing AD and Parkinson's disease (PD) [1] . ATP7B loss-of-function variants in transmembrane domains increase disease risk. Patients with some genetic background might be at greater risk of AD in the case of chronic copper exposure. Interestingly, the possibility of environmental contamination has been raised. Indeed, one recent hypothesis is that the ingestion of inorganic copper in drinking-water (contamination from copper pipe-lines) could increase the risk of AD [82] . The role of copper in the initiation and propagation of an inflammatory cascade within the aging brain has been suggested [83] . Copper may independently initiate inflammatory events and could interact with aluminum to increase the levels of APP [84] . In vitro studies have demonstrated that copper triggers a pro-inflammatory state by modulating the production of molecules, such as IL-1alpha or IL-12 [85] .
Overall, the hypothesis of a genuine copper-related phenotype in AD is now solid. Critical outcomes in terms of prevention and active therapies might emerge for a devastating disorder whose prevalence is now a major public health issue. Clinical trials with metal modulators are in progress, in order to assess the effects of therapies redistributing copper amongst the different compartments [86] . Chelating agents improve cognitive symptoms in animal models of AD [87] .
Parkinson's Disease (PD)
Parkinson's disease (PD) is the second most common neurodegenerative disease. Patients exhibit various combinations of bradykinesia, rigidity, tremor and impaired postural capacities with a tendency to fall. The pathological hallmark of the disease is the loss of dopamine-producing neurons in the substantia nigra (pars compacta). Aggregates of misfolded proteins, including alpha-synuclein, form the intra-cellular Lewy bodies. Alpha-synuclein is a copper-binding protein (with 2 sites for binding) enriched at the presynaptic terminals of neurons and catabolized by the ubiquitin-proteasome pathway [88] . Bound to copper, alpha-synuclein promotes the contribution of iron in biosynthesis of free radicals by exerting a ferrireductase effect. Triplication of the gene encoding the protein causes a familial PD [89] . The phenomenon of protein aggregation is a subject of intense investigation. Several mechanisms have been proposed for the pathogenesis of PD (Table 2B ). The hypothesis of an impaired metabolism of metals has gained interest these last few years. One of the key findings comes from post-mortem studies demonstrating decreased copper levels contrasting with iron accumulation [90] . Copper might be missing in neurons of the striatum, being no longer available for the CuZn-SOD, which is a major contributor of the antioxidant system in striatal neurons. In addition, decreased copper in striatal neurons would result in iron accumulation. Iron deposits would occur in the substantia nigra before the beginning of motor symptoms. The accumulation of iron can be quantified indirectly by the measurement of the echogenicity of substantia nigra with transcranial ultrasound [91] . A positive correlation has been observed between serum ceruloplasmin levels and the age of onset of PD, and a negative correlation between iron accumulation in the brain and the copper-dependent ferroxidase plasma activity has been demonstrated [92, 93] . Still, further studies are required to elucidate whether a deficiency of copper in the striatum is really the first step leading to iron deposits.
The concentrations of free copper in CSF are higher in PD and have even been suggested as a biochemical marker of the disease [94] . Environmental studies have shown that long-term exposure to copper and manganese increase the risk of PD [95] . As stated above, the activity of ferroxidase (which is maintained via ceruloplasmin) is reduced in PD [96] . Copper ions enhance the oxidation of dopamine, leading to DNA damage [97] . Intranigral administration of copper promotes the apoptosis of dopaminergic neurons [98] . Experimentally, the overexpression of CuZn-SOD protects against the neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and ceruloplasmin knockout mice show a parkinsonism, which is rescued by iron chelation [96, 99] . Furthermore, mice overexpressing MTs are more protected against peroxynitrite (ONOO-)-releasing agents and MPTP, suggesting that MT gene induction might provide neuroprotection [100] . Ceruloplasmin itself is now considered as a potential therapeutic agent in terms of neuroprotection [101] .
Conclusions
Copper is an essential transition metal. It participates in critical cuproenzymes preventing neurodegeneration and regulating neurotransmission. Via the ferroxidase activity of ceruloplasmin, copper is a metabolic regulator of the contents of iron in the CNS. An excess of free copper is directly involved to neurodegeneration. WD, AD and PD are major neurodegenerative disorders associated with copper dyshomeostasis. Acting on copper metabolism represents a therapeutic approach for these severe disorders of the CNS. Gene therapy, gene induction, metal modulators promoting the redistribution between compartments and administration of ceruloplasmin are promising possibilities that deserve specific studies.
